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Abstract. In the MSSM with complex parameters, loop corrections to the decay of a stop into a bottom
quark and a chargino can lead to a CP violating decay rate asymmetry. We calculate this asymmetry at
full one-loop level and perform a detailed numerical study, analyzing the dependence on the parameters
and complex phases involved. If the stop can decay into a gluino, the self-energy and the vertex correction
dominate due to the strong coupling. It is shown that the vertex contribution is always suppressed. We
therefore give a simple approximate formula for the asymmetry. We account for the constraints on the
parameters coming from several experimental limits. Asymmetries up to 25 percent are obtained. We also
comment on the feasibility of measuring this asymmetry at the LHC.
1 Introduction
If the Minimal Supersymmetric Standard Model (MSSM)
is realized in nature, LHC will produce squarks and gluinos
copiously. However, even if supersymmetry is discovered,
it will be still a long way to determine the parameters
of the underlying model. In the general MSSM, the U(1),
SU(2) and SU(3) gaugino mass parameters M1, M2, and
M3, the higgsino mass parameter µ, and the trilinear cou-
plings Af (corresponding to a fermion f) may be complex,
i.e. Af = |Af |eiϕAf ,M3 = |M3|eiϕg˜ . As usual, we takeM2
positive and real by field redefinition [1]. The experimen-
tal upper bounds on the electric dipole moment (EDM)
of the electron, muon, neutron and several atoms severely
constrain the phase of µ. In general, the phases of M1,
M3 and At,b are much weaker constrained due to possible
cancelations [2,3,4,5,6,7,8,9,10,11,12]. Therefore, we use
real values only for µ and do not restrict the remaining
phases. (For a recent discussion on EDMs see [13].)
Complex MSSM parameters can lead to direct CP vi-
olation (CPV), see the summary in [14]. One example is
the CP violating rate asymmetry, which is a loop induced
effect. CP violating asymmetries for the production and
decays of the charged HiggsH± [15,16,17,18,19,20,21,22,
23,24] and for the decays χ˜± → W±χ˜0 [25] were already
studied in detail. Studies of measuring direct CP viola-
tion in stop cascade decays at the LHC based on T-odd
asymmetries built from triple products were done in [26,
27,28].
In the following, we study the CP violating decay rate
asymmetry of the decays t˜i → b χ˜+k and t˜∗i → b¯ χ˜−k at full
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one-loop level [29,30]. If the channel t˜i → g˜ t is kinemati-
cally open, the t˜1−t˜2 self-energy and the vertex graph with
g˜ exchange are expected to dominate because of the strong
coupling. But we show explicitly that the vertex contribu-
tion is suppressed. All other contributions are numerically
always smaller than ∼0.5% which also means that the de-
pendence on the phase of M1 is negligible. We thus give a
short analytic formula for the decay rate asymmetry δCP
which approximates the total one-loop result within 5%
in the range above the threshold of the t˜i → g˜ t decay.
In order to get a large decay rate asymmetry, not only
the channel into g˜ must be open, but also large phases
or phase combinations of At and M3 are necessary. In
addition, the stops must be rather degenerate but with a
strong mixing. The dependence on ϕAb is weak because it
only enters the vertex corrections.
2 Decay Rate Asymmetry δCP
We define the CP violating decay rate asymmetry of the
decays t˜i → b χ˜+k and t˜∗i → b¯ χ˜−k as
δCP =
Γ+(t˜i → b χ˜+k )− Γ−(t˜∗i → b¯ χ˜−k )
Γ+(t˜i → b χ˜+k ) + Γ−(t˜∗i → b¯ χ˜−k )
. (1)
The one-loop decay widths can be written as
Γ± ∝
∑
s
|M±tree|2 + 2Re
(∑
s
(M±tree)†M±loop
)
(2)
with the matrix elements given by
M+tree = i u¯(k1)(BR+PR +BL+PL)v(−k2) ,
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M−tree = i u¯(k2)(BR−PR +BL−PL)v(−k1) ,
M+loop = i u¯(k1)(δBR+PR + δBL+PL)v(−k2) ,
M−loop = i u¯(k2)(δBR−PR + δBL−PL)v(−k1) (3)
with PR,L = (1 ± γ5)/2. The tree-level couplings BR,L+ =
BR,L, BR,L− = B
R,L∗ are defined in Appendix B. The form
factors δBR,L+ are calculated in Section 3. The form fac-
tors δBR,L− can be easily obtained by conjugating all the
couplings involved.
Since there is no CP violation at tree level, δCP is a UV
convergent quantity which means no renormalization is
necessary. Furthermore, we can write |M±tree|2 as |Mtree|2.
Assuming that the one-loop contribution is small com-
pared to the tree level, we use the approximation
δCP ∼= Γ
+ − Γ−
2Γtree
= ACP+ −ACP− ,
ACP± =
Re
(∑
s(M±tree)†M±loop
)∑
s |Mtree|2
(4)
with∑
s
|Mtree|2 = ∆(|BR|2 + |BL|2)− 4mbmχ˜+
k
Re(BR∗BL)
(5)
and
Re
(∑
s
(M±tree)†M±loop
)
= ∆Re(BR∓δB
R
± +B
L
∓δB
L
±)
−2mbmχ˜+
k
Re(BR∓δB
L
± +B
L
∓δB
R
±) (6)
using ∆ = (m2
t˜i
−m2b −m2χ˜+
k
). By defining combined cou-
pling matrices
Cij± = B
i
∓δB
j
± (7)
with i, j = R,L we obtain
Re
(∑
s
(M±tree)†M±loop
)
= ∆
(
Re(CRR± ) + Re(C
LL
± )
)
−2mbmχ˜+
k
(
Re(CRL± ) + Re(C
LR
± )
)
.(8)
These coupling matrices can be generally expressed by
Cij± ∝ bi± × (g0g1g2)j± × PaVe where bi± = Bi∓ is the cou-
pling at tree level, (g0g1g2)
j
+ are the couplings of the three
vertices and (g0g1g2)
j
− are the conjugated couplings. PaVe
stands for the Passarino–Veltman-Integrals. Omitting the
indices we can write
Re(Cij± ) ∝ Re((b g0g1g2)± × PaVe) =
Re(b g0g1g2)Re(PaVe)∓ Im(b g0g1g2)Im(PaVe) (9)
which leads us to the decomposition into CP invariant and
CP violating parts
Re(Cij± ) = C
ij
inv ±
1
2
CijCP (10)
with the definitions
Cijinv ∝ Re(b g0g1g2)Re(PaVe) ,
CijCP ∝ −2Im(b g0g1g2)Im(PaVe) . (11)
In order to obtain a non-zero δCP , not only the couplings
but also the PaVe’s must be complex. For that at least a
second decay channel must be kinematically open, i.e. a
particular one-loop diagram only contributes to the asym-
metry if the corresponding two-body decay is kinemati-
cally open. The asymmetry δCP = ACP+ − ACP− then be-
comes
δCP =
(
∆(CRRCP + C
LL
CP )− 2mbmχ˜+
k
(CRLCP + C
LR
CP )
)
/
∑
s
|Mtree|2 . (12)
Neglecting the bottom mass in Eqs. (5,8) the general for-
mula of the decay rate asymmetry for a specific one-loop
contribution simplifies to
δCP ∼= 1|BR|2 + |BL|2 (C
RR
CP + C
LL
CP ) . (13)
Furthermore, we point out that in the asymmetry δCP
possible rescattering effects (which are CP conserving)
cancel each other and therefore drop out.
3 CP Violating Contributions
In general, 47 one-loop diagrams can contribute. If the
channel t˜i → t g˜ is kinematically open, the self-energy and
the vertex graph (see Figure 1) with gluino exchange dom-
inate due to the strong coupling. The form factors δBR,L±
are defined in Eq. (3). In the following, we only give the re-
sults for the form factor δBR+ since δB
L
+ = δB
R
+ withR↔
L. The form factor for the self-energy process is
δBR+ =
2CF mg˜mt
(4pi)2(m2
t˜i
−m2
t˜j
)
BRkj
·
(
GR∗i G
L
j +G
L∗
i G
R
j
)
B0(m
2
t˜i
,m2g˜,m
2
t ) (14)
with j 6= i and CF = 4/3. The form factor for the ver-
tex correction reads (defining gαβγijk = G
α∗
i G
β∗
j A
γ∗
kj with
α, β, γ = R,L)
δBR+ = −
CF
(4pi)2
2∑
j=1
[
gRLLijk
(
B0(m
2
t˜i
,m2g˜,m
2
t ) +m
2
b˜j
C0
)
+(gLRRijk mbmχ˜+
k
+ gLLLijk mg˜mt
+gLRLijk mbmt + g
LLR
ijk mχ˜+
k
mg˜)C0
+(gRLLijk mb + g
RRL
ijk mg˜ + g
LRR
ijk mχ˜+
k
+ gLRLijk mt)mbC1
+(gLRRijk mb + g
LLR
ijk mg˜ + g
RLL
ijk mχ˜+
k
+ gRLRijk mt)mχ˜+
k
C2
]
.
(15)
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Fig. 1. Feynman graphs with g˜ ex-
change contributing to δCP of t˜i →
b χ˜+k (i, k = 1, 2; j 6= i for the loop
graph and j = 1, 2 for the vertex
correction graph)
The coupling matrices AR,Lkj , B
R,L
kj , and G
R,L
i are given
in Appendix B. We use the one-loop integrals B0, C0,
C1, and C2 according to the definition of [31] in the con-
vention of [32]. The argument set for the C-functions is
(m2b ,m
2
t˜i
,m2
χ˜+
k
,m2
b˜j
,m2g˜,m
2
t ).
In order to obtain δCP we insert δBR,L+ (Eq. (14) or
Eq. (15)) into Cij± (Eq. (7)). Then we calculate C
ij
CP from
Eq. (11) and finally we get δCP from Eq. (12) or Eq. (13).
We found that numerically only the self-energy graph
is important. To understand the strong suppression of the
gluino vertex graph in comparison to the gluino self-energy
loop, one has to consider the possible combinations of the
couplings in these graphs. δCP always contains a product
of four squark rotation matrix elements. For the vertex
graph they take the form Rt˜Rt˜∗Rb˜Rb˜∗, for the self-energy
loop Rt˜Rt˜∗Rt˜Rt˜∗. Setting the indices of the external par-
ticles to be t˜1 and χ˜
+
1 , and using the relations found in
Eq. (27), we can rewrite these terms in terms of MSSM
input parameters.
Taking the input parameters given in Section 4 we have
mt˜1 ∼ mt˜2 , mb˜1 ∼ mb˜2 and χ˜+1 gaugino like. Since we
have mb Im(Ab) ≪ mt Im(At) and assuming ϕµ ∼ 0, the
remaining relevant term in δCP of the vertex graph is
(∆CP = g2sCFmtIm(At)/(m
2
t˜2
−m2
t˜1
))
δCPvertex ∝ ∆CP g2
mχ˜+
1
m2
b˜2
−m2
b˜1
(
(m2
b˜2
−m2
b˜L
)Im(C2(1))
−(m2
b˜1
−m2
b˜L
)Im(C2(2))
)
, (16)
where At is a trilinear breaking parameter, m
2
b˜L
is the
(1, 1) element of the sbottom mass matrix, and C2(j) is
the Passarino–Veltman integral with mb˜j . In the limit
mb˜1 → mb˜2 (and thus C2(1) → C2(2)) δCPvertex vanishes.
But even if the sbottom masses would not be degenerated
(and thus yielding a higher numerator) the denominator
always compensates this effect. The relevant term of the
self-energy loop is
δCPself ∝ ∆CP g2
mg˜
m2
t˜2
−m2
t˜1
Im(B0) . (17)
Comparing δCPvertex with δ
CP
self we can see that the suppres-
sion of the gluino vertex correction is due to mb ≪ mt,
mχ˜+
1
≪ mg˜ and nearly degenerate sbottom masses.
In the case of a χ˜+1 which is higgsino like, the relevant term
in δCPvertex (which is now proportional to the Yukawa cou-
pling |ht|2 instead of g2) has a numerator which is again
very small due to mb˜1 ∼ mb˜2 and mb ≪ mt. Comparing
this to the relevant term in δCPself (g
2 is simply replaced
by −|ht|2 for hb ≪ ht) one can see the same suppression
mechanism at work.
The suppression of the vertex correction is thus a general
feature, even if χ˜+1 becomes a mixed state.
As a result for our scenario we can give an approxima-
tive formula for δCP for the remaining leading self-energy
contribution valid for Γ total
t˜j
/2 ≪ |mt˜i − mt˜j |. Inserting
Eq. (14) into Eq. (7) in order to calculate Eq. (11) and
finally Eq. (13) we get
δCPapprox = −
1
4pi2
CF
(|BRki|2 + |BLki|2)
mg˜mt
(m2
t˜i
−m2
t˜j
)
·Im(b g0g1g2)Im(B0) (18)
with1
Im(b g0g1g2) = Im
[
(BR∗ki B
R
kj +B
L∗
ki B
L
kj)
·(GR∗i GLj +GL∗i GRj )
]
,
Im(B0) =
piλ1/2(m2
t˜i
,m2g˜,m
2
t )
m2
t˜i
θ(mt˜i −mg˜ −mt)
(19)
using λ(x, y, z) = x2 + y2 + z2 − 2xy− 2xz − 2yz and the
step function θ. δCPapprox is a good approximation of δ
CP
all (all
contributions) above the threshold of the t˜i → g˜ t decay.
4 Numerical Results
We present numerical results for the decay rate asymme-
try δCP as well as the tree-level branching ratio (BR) of
the process t˜1 → b χ˜+1 . The 47 one-loop contributions to
δCP were calculated by using FeynArts [33]. Further-
more, the gluino graphs and a few other ones were cal-
culated independently and also cross checked numerically.
1 For the Im(B0) relation see Eq. (79) in [21].
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The strong coupling αs is taken running in theDR scheme
at the scale mt˜1 . In the calculation of δ
CP we also take
the Yukawa couplings (ht, hb) running as given in the Ap-
pendix A of [16].
We calculated the EDMs up to leading two-loop order
with CPsuperH [34] to check that our parameter points
are consistent with the constraints coming from the EDM
of the electron, muon, neutron (all [35]), and mercury [36].
We can fulfill these constraints since we take µ real, choose
only the third generation breaking parameters At,b,τ to be
complex, and because we can always choose the squark
SUSY breaking parameters of the first and second gener-
ation appropriately. We get the right amount of the cold
dark matter relic density [37] with the χ˜01 LSP annihilating
mainly into τ+ τ− (micrOMEGAs [38,39]) by varying
ML˜,E˜ so that mχ˜01 ∼ mτ˜1 . Furthermore, the constraints
coming from B → Xs γ, Bs → µ+ µ− and Bd → τ+ τ−
(all [40]) as well as the Higgs mass limit [35] are fulfilled.
For the numerical analysis, we fix for the third gener-
ation MQ˜ = MU˜ = MD˜, ML˜ = ME˜, |At| = |Ab| = |Aτ |,
|M1| = M2/2, and for the complex phases ϕAt = ϕAb =
ϕAτ . We start from the following MSSM reference sce-
nario: MQ˜ = 650 GeV, ML˜ = 120 GeV, |At| = 190 GeV,
ϕAt = pi/4, ϕµ = ϕM1 = ϕg˜ = 0, M2 = 150 GeV,
|µ| = 830 GeV, tanβ = 5, and MA0 = 1000 GeV. These
parameters give mχ˜+
1
= 146 GeV, mg˜ = 412 GeV, mt˜1 =
653 GeV, mt˜2 = 688 GeV, Γ
total
t˜2
= 18 GeV, χ˜+1 is gaug-
ino like, and t˜1 and t˜2 have a low mass splitting but large
mixing.
In Fig. 2 and Fig. 3 we show δCP and BR as a function
of mt˜1 for ϕAt =
pi
4
, 3pi
4
. Higher values of ϕAt result in a
less degenerate stop mass splitting which reduces the en-
hancement of δCP coming from the stop propagator (see
Eq. (18)). For mt˜1 the parameter MQ˜ is varied from 500
to 1000 GeV. One can see the threshold of the t˜1 → g˜ t
decay at ∼583 GeV, after which the gluino contributions
account for up to ∼ 98% of δCP . However, if this decay
channel opens, the BR drops quickly. This feature can
x
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Fig. 2. δCP as a function ofmt˜1 (MQ˜ varied) for various values
of ϕAt
be seen in detail in Fig. 4. If t˜1 → g˜ t is possible, δCP
x
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+
1
mt˜1 [GeV]
B
R
[%
]
ϕAt = pi/4
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Fig. 3. BR as a function of mt˜1 (MQ˜ varied) for various values
of ϕAt
is large but BR is small. The other decay channels are
t˜1 → t χ˜0i , b χ˜+2 .
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Fig. 4. Comparison of BR(t˜1 → b χ˜
+
1 ) and BR(t˜1 → g˜ t) as a
function of mt˜1 (MQ˜ varied)
We also studied the dependence on the gluino phase ϕg˜
as a second source of CP violation, which is, however, in
conflict with the current EDM limit of mercury by a factor
of two.
Figure 5 shows the contributions from the self-energy and
vertex graphs with gluino exchange (see Fig. 1) as a func-
tion ofmt˜1 . As already anticipated in Section 3, the gluino
self-energy loop dominates.
In Fig. 6 we show the ratios of δCP between the ap-
proximated formula for the gluino self-energy loop δCPapprox
(Eq. (18)) and all one-loop contributions δCPall , as well as
between both gluino contributions δCPg˜ and all contribu-
tions. Above the threshold of t˜1 → g˜ t both gluino pro-
cesses account for ∼ 97% of all processes. One can see
that δCPapprox is indeed a good approximation of δ
CP
all .
We also studied the dependence of δCP on tanβ and |At|.
The main effect comes from the off-diagonal element in the
stop mass matrix at = A
∗
t − µ/ tanβ. For |At| ∼ 190 GeV
and tanβ ∼ 6 the asymmetry has its maximum up to
25% because at becomes minimal. In this case one has
rather degenerate stop masses which enhance the gluino
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∆g˜ = δ
CP
g˜ /δ
CP
all as a function of mt˜1 (MQ˜ varied)
self-energy contribution due to the propagator∝ 1/(m2
t˜2
−
m2
t˜1
). For larger values of |At| and tanβ the asymmetry
decreases and begins to be in conflict with the EDM limit
of mercury.
The effect on the mass splitting of t˜1 and t˜2 is shown in
more detail in Fig. 7 and Fig. 8. We fix mt˜1 = 650 GeV
and vary mt˜2 by changing the parametersMQ˜,MU˜ . There
are two possibilities, mLL ≶ mRR. In our scenario χ˜
+
1 is
gaugino-like which couples dominantly to t˜L. For mLL <
mRR we have t˜1 ∼ t˜L and t˜2 ∼ t˜R. Hence BR(t˜1 → b χ˜+1 )
is large, but δCP is small because the coupling of the in-
ternal t˜2 to b χ˜
+
1 is suppressed (see left graph of Figure 1).
For mLL > mRR one has the opposite behavior. When χ˜
+
1
is higgsino-like the whole situation is reversed. We there-
fore see that for the cases where δCP is large the BR is
always small and vice versa, unless the masses of t˜1 and
t˜2 are rather degenerate. Note that the masses cannot be
arbitrarily degenerate, since otherwise the off-diagonal el-
ements in the stop mass matrix (and thus the complex At
parameter as the main source of CP violation) would need
to vanish.
Furthermore, it is crucial that the enhancement of δCP
due to a small stop mass difference is not a resonance en-
hancement, i.e. the mass difference mt˜2 − mt˜1 must be
sufficiently large compared to the FWHM Γ total
t˜2
/2 of the
resonance. In our scenario this is always the case, since
Γ total
t˜2
/2 = 9 GeV and ∆mt˜ = 35 GeV at the reference
point and Γ total
t˜2
/2 always remains much smaller for vari-
ous mass differences.
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Fig. 7. Effect on mass splitting of t˜1 and t˜2 for δ
CP as a
function of mt˜2 (MQ˜,MU˜ varied) for mt˜1 = 650 GeV
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Fig. 8. Effect on mass splitting of t˜1 and t˜2 for BR as a func-
tion of mt˜2 (MQ˜,MU˜ varied) for mt˜1 = 650 GeV
For completeness, we also examined the process t˜2 → b χ˜+1 .
Because of the similar masses and large mixing of the
stops, the resulting plots are alike. We obtain δCP = 19%
and BR = 17% at the reference point.
We also investigated the influence on the Yukawa cou-
plings ht and hb taken to be running. In our scenario, the
difference of the asymmetry δCP taken with running and
non-running Yukawa couplings is negligible.
The theoretical uncertainty of the asymmetry δCP is esti-
mated ∼20%, due to higher order corrections [41,42].
For a measurement of the asymmetry δCP (Eq. (1)) at
LHC, one has to consider the process
pp→ t˜1¯˜t1 +X → (bχ˜+1 )(b¯χ˜−1 ) +X
→ (bW+χ˜01)(b¯W−χ˜01) +X
→ 2 b-jets +W+ +W−+ 6ET +X (20)
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(where X only contains the beam jets) with one W+ de-
caying hadronically and the other one leptonically to get
information on the charge of the W , and in turn of the
chargino and the stop. We assume that the masses of t˜1,
t˜2, χ˜
±
1 and χ˜
0
1 are known so that one has enough kinemat-
ical constraints to single out the respective decays [43]. In
such a way it should also be possible to separate off the
production and decay of t˜1 from those of t˜2. For
√
s =
14 TeV, mt˜1 = 610 GeV the cross section of pp → t˜1¯˜t1
is σ = 200 fb at NLO according to Prospino [44]. As-
suming L = 300 fb−1 and BR(t˜1 → b χ˜+1 ) = 0.2 we esti-
mate a purely statistical relative error of the asymmetry
∆δCP /δCP = ±0.077. The largest background is of course
pair production of top quarks [45]. For a realistic estimate
of the measurability a Monte Carlo study would be neces-
sary, which is, however, beyond the scope of this article.
For the same decay chain of t˜1 such a study was done for
an e+e− collider [46].
5 Conclusions
In the MSSM with complex parameters, loop corrections
to the t˜i → b χ˜+k decay can lead to a CP violating decay
rate asymmetry δCP . We studied this asymmetry at full
one-loop level, analyzing the dependence on the parame-
ters and phases. Below the threshold of the t˜i → g˜ t decay,
δCP is < 1%. If this channel is open, a δCP up to 25%
is possible (mainly due to the gluino contribution in the
self-energy loop), if the stop particles have a small mass
splitting together with large mixing and the chargino is
wino like.
S.F. would like to thank Sabine Kraml for helpful correspon-
dence. The authors acknowledge support from EU under the
MRTN-CT-2006-035505 network programme. This work is also
supported by the ”Fonds zur Fo¨rderung der wissenschaftlichen
Forschung” of Austria, project No. P18959-N16.
A Masses and Mixing Matrices
The sfermion mass matrix in the basis (f˜L, f˜R) with f˜ =
t˜, b˜, τ˜ , . . . is
M2
f˜
=
(
m2
f˜L
mfaf
mfa
∗
f m
2
f˜R
)
(21)
with the following entries
m2
f˜L
= M2
{Q˜;L˜}
+m2f
+m2Z cos 2β(I
3L
f − ef sin2 θW ) , (22)
m2
f˜R
= M2
{U˜ ;D˜;E˜}
+m2f +m
2
Z cos 2β ef sin
2 θW , (23)
mfaf =
{
mu(A
∗
u − µ cotβ) . . . up-type sfermion ,
md(A
∗
d − µ tanβ) . . . down-type sfermion .
(24)
For the stops (f˜ = t˜) we simply insert the corresponding
values I3Lt = 1/2, et = 2/3, MQ˜, MU˜ , mt and At. Anal-
ogously, for the sbottoms (f˜ = b˜) we have I3Lb = −1/2,
eb = −1/3, MQ˜, MD˜, mb and Ab.
M2
f˜
is diagonalized by the rotation matrix Rf˜ such that
Rf˜M2
f˜
(Rf˜ )† = diag(m2
f˜1
,m2
f˜2
) and
(f˜1
f˜2
)
= Rf˜
(f˜L
f˜R
)
. We
have
Rf˜ =
(
Rf˜1L R
f˜
1R
Rf˜2L R
f˜
2R
)
=
(
cos θf˜ e
iϕf˜ sin θf˜
−e−iϕf˜ sin θf˜ cos θf˜
)
.
(25)
Using the unitarity property of the sfermion rotation ma-
trices and the diagonalization equation for the sfermion
mass matrix,
M2
f˜
=
(
m2
f˜L
mfaf
mfa
∗
f m
2
f˜R
)
= (Rf˜ )†
(
m2
f˜1
0
0 m2
f˜2
)
Rf˜ , (26)
one can derive the following relations (we define ∆f˜ =
1/(m2
f˜2
−m2
f˜1
)):
Rf˜22R
f˜∗
21 = −Rf˜12Rf˜∗11 = mfaf∆f˜ ,
Rf˜21R
f˜∗
22 = −Rf˜11Rf˜∗12 = mfa∗f∆f˜ ,
Rf˜11R
f˜∗
11 = R
f˜
22R
f˜∗
22 = (m
2
f˜2
−m2
f˜L
)∆f˜ ,
Rf˜12R
f˜∗
12 = R
f˜
21R
f˜∗
21 = −(m2f˜1 −m
2
f˜L
)∆f˜ . (27)
The chargino mass matrix in the basis (−iλ+, ψ1H2) is
MC =
(
M2
√
2mW sinβ√
2mW cosβ µ
)
. (28)
It is diagonalized by the two unitary matrices U and V
U∗MCV † = diag(mχ˜±
1
,mχ˜±
2
) , (29)
wheremχ˜±
1,2
are the masses of the physical chargino states.
B Interaction Lagrangian
In this section we give the parts of the interaction La-
grangian that we need for the calculation of the lead-
ing contributions. The chargino-squark-quark interaction
is described by
Lχ˜+qq˜′ = t¯(ARkiPR +ALkiPL)χ˜+k b˜i
+b¯(BRkiPR +B
L
kiPL)χ˜
+c
k t˜i
+χ˜+k (A
L∗
ki PR +A
R∗
ki PL)t b˜
∗
i
+χ˜+ck (B
L∗
ki PR +B
R∗
ki PL)b t˜
∗
i . (30)
The couplings are
ARki = h
∗
bR
b˜∗
i2Uk2 − gRb˜∗i1Uk1
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=
g√
2
(
mb
mW cosβ
Uk2R
b˜∗
i2 −
√
2Uk1R
b˜∗
i1
)
,
ALki = htR
b˜∗
i1V
∗
k2 =
gmt√
2mW sinβ
V ∗k2R
b˜∗
i1 ,
BRki = h
∗
tR
t˜∗
i2Vk2 − gRt˜∗i1Vk1
=
g√
2
(
mt
mW sinβ
Vk2R
t˜∗
i2 −
√
2Vk1R
t˜∗
i1
)
,
BLki = hbR
t˜∗
i1U
∗
k2 =
gmb√
2mW cosβ
U∗k2R
t˜∗
i1 , (31)
where we used the relations mt = (ht ν sinβ)/
√
2, mb =
(hb ν cosβ)/
√
2 and mW = gν/2 to convert the coeffi-
cients.
The gluino-squark-quark interaction is
Lg˜qq˜ = g˜α(GRαi;uvPR +GLαi;uvPL)quq˜ v∗i
+qu(GLα∗i;uvPR +G
Rα∗
i;uv PL)g˜α q˜
v
i , (32)
where we used u, v as the color index (u, v = 1, 2, 3), i as
the mass index (i = 1, 2) and α as the gluon/gluino index
(α = 1, . . . , 8). The couplings are
GRαi;uv = T
α
uvG
R
i with G
R
i =
√
2 gsR
q˜
i2 e
i
ϕg˜
2 ,
GLαi;uv = T
α
uvG
L
i with G
L
i = −
√
2 gsR
q˜
i1 e
−i
ϕg˜
2 (33)
with Tαuv as the generator of the SU(3)C group, gs as the
coupling constant of the strong interaction and ϕg˜ as the
gluino mass phase2.
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